Introduction
Micro-flow separation systems are among the most active areas of research in analytical chemistry and separation science. Capillary tubes with inner diameters of less than several hundred micrometers, such as fused-silica capillary tubes, have many advantages for use in micro-flow separation systems, such as capillary electrochromatography, 1 capillary electrophoresis, 2, 3 capillary liquid chromatography, 4, 5 and wide-bore hydrodynamic chromatography. 6 We have been engaged in the above research areas for over ten years.
In various experiments dealing with capillary tubes for separation, 3,7-10 a unique and interesting separation behavior was found for model analytes using open capillary tubes and aqueous-organic mixture carrier solutions. The separation in the present system was performed without the use of any specific materials of inner wall-coated or modified capillary tubes, additives of gels, surfactants, host molecules, salts, or highvoltage supply devices. Furthermore, the elution order of the analytes was easily changed by altering the component ratio of the solvents in the carrier solution. Such separation behavior was observed in both fused-silica and polyethylene capillary tubes.
Experimental
Water was purified with an Elix UV 3 (Millipore Co.). All reagents used were commercially available and of analytical grade. 2,6-Naphthalenedisulfonic acid, 1-naphthol, acetonitrile, and ethyl acetate were purchased from Wako Pure Chemical Industries, Ltd. A fused-silica capillary tube (50 mm i.d., 150 mm o.d.) and a high-density polyethylene capillary tube (200 mm i.d., 500 mm o.d.) were purchased from GL Science and Natume Co., respectively.
A schematic diagram of the micro-flow system comprised of an open capillary tube, micro-syringe pump (MF-9090; Bioanalytical Systems, Inc.), and absorption detector (modified SPD-6AV spectrophotometric detector; Shimadzu Co.) is shown in Fig. 1 . A fused-silica or polyethylene capillary tube, 120 cm in length (effective length: 100 cm), was set in the system. Various mixtures of water-acetonitrile-ethyl acetate were used as the carrier solution: water-acetonitrile-ethyl acetate (15:3:2 volume ratio), water-acetonitrile-ethyl acetate (2:5:9 volume ratio), and water-acetonitrile-ethyl acetate (2:7:4 volume ratio). An analyte solution including 2,6-naphthalenedisulfonic acid and 1-naphthol was prepared with the carrier solution.
The analyte solution was introduced directly into the capillary inlet side for 20 s from a height of 20 cm for the fused-silica tube, or for 5 s from a height of 20 cm for the polyethylene capillary tube by the gravity method. After analyte injection, the capillary inlet was connected through a joint to a microsyringe. The syringe was set on the micro-syringe pump. The carrier solution was fed in the capillary tube at a flow rate of 0.2 mL min -1 for fused-silica or 8.0 mL min -1 for polyethylene under laminar flow conditions. On-capillary absorption detection (254 nm) was performed with the detector.
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A micro-flow separation system was developed using an open capillary, fused-silica or polyethylene tube, and an aqueous-organic mixture (water-acetonitrile-ethyl acetate mixture) as a carrier solution. A model analyte solution containing 2,6-naphthalenedisulfonic acid and 1-naphthol was injected into the capillary tube by a gravity method. The analyte solution was subsequently delivered through the capillary tube with the carrier solution by a micro-syringe pump; the system worked under laminar flow conditions. The analytes were separated through the capillary tube and detected on-capillary by an absorption detector. 2,6-Naphthalenedisulfonic acid and 1-naphthol were detected in this order with a carrier solution of water-acetonitrile-ethyl acetate (15:3:2 volume ratio), while they were detected in the reverse order with a carrier solution of water-acetonitrile-ethyl acetate (2:5:9 volume ratio) using a fused-silica capillary tube. Similar separation behavior, i.e., that the elution times of the analytes could be easily reversed by changing the component ratio of the solvents in the carrier solution, was observed with a polyethylene capillary tube. 
Results and Discussion
First, a solution of 2,6-naphthalenedisulfonic acid and 1-naphtol was analyzed using the present system with an open fused-silica capillary tube and an aqueous-organic carrier solution. The obtained absorption profiles are shown in Fig. 2 . When using a carrier solution of water-acetonitrile-ethyl acetate (15:3:2 volume ratio), a mixture of 2,6-naphthalenedisulfonic acid and 1-naphtol was separated through an open capillary tube; they were detected at ca. 9.6 and 10.7 min, respectively (Fig. 2a) . The components of the analytes, 2,6-naphthalenedisulfonic acid and 1-naphtol, in the profile were confirmed with individual absorption signals. On the other hand, using the carrier solution of water-acetonitrile-ethyl acetate (2:7:4 volume ratio), they were detected with the inverse elution times; 1-naphtol and 2,6-naphthalenedisulfonic acid were detected in this order at ca. 9.6 and 19.5 min, respectively (Fig. 2b) .
A separation behavior similar to that with the open fusedsilica capillary tube was observed when using an open polyethylene capillary tube (Fig. 3) . 2,6-Naphthalenedisulfonic acid and 1-naphtol were detected in this order at ca. 4.0 and 7.2 min, respectively, with a carrier solution of water-acetonitrileethyl acetate (15:3:2 volume ratio). However, they were detected in the reverse order, at ca. 4.0 min for 1-naphtol and at ca. 5.2 min for 2,6-naphthalenedisulfonic acid, with a carrier solution of water-acetonitrile-ethyl acetate (2:5:9 volume ratio), although they were not separated with a base-line separation. That is, in both capillary tubes, when using a water-rich carrier solution, such as water-acetonitrile-ethyl acetate (15:3:2 volume ratio), 2,6-naphthalenedisulfonic acid was eluted earlier than 1-naphtol, and when using a carrier solution with a large organic solvent component, such as water-acetonitrile-ethyl acetate (2:7:4 volume ratio) or water-acetonitrile-ethyl acetate (2:5:9 volume ratio), 1-naphtol was eluted earlier than 2,6-naphthalenedisulfonic acid. The elution order was easily reversed by changing the component ratio of the solvents in the carrier solution in both capillary tubes.
The Reynolds number was estimated to be roughly <1 under the present analytical conditions, confirming that the system worked under laminar flow conditions. Under these conditions, the linear velocity of the fluid in the capillary tube shows a parabolic curve; the linear velocity shows a maximum value around the middle of the capillary tube, and decreases approaching the inner wall of the tube, and solutes that are diffusive or low-molecular-weight molecules are eluted from the tube with an average linear velocity with a Gaussian peak. 6, 10 The average linear velocities when using the fused-silica and polyethylene capillary tubes were both estimated to be 1.7 and 4.2 mm s -1 , respectively, under the present analytical conditions. As shown in Figs. 2 and 3 , the elution times of the first peaks for fused-silica and polyethylene capillary tubes were ca. 9.6 and 4.0 min, respectively; they did not change with the carrier solutions in the case of the same capillary tube. It should be noted that the elution times of the first peaks corresponded to those calculated with the average linear velocities, and the second peaks were eluted with smaller velocities than the average linear velocities.
Although the exact separation mechanism has not yet been determined, both water and organic solvent in the carrier solution may not be dispersed uniformly in a specific flow in the capillary tube that features an extremely large specific surface area of the inner wall to the inside volume, leading to the generation of a water-rich phase and an organic solvent-rich phase in the capillary tube under the laminar flow conditions. In addition, since 2,6-naphthalenedisulfonic acid and 1-naphtol are typical hydrophilic and hydrophobic molecules, respectively, the former must be mainly dissolved or dispersed in the water-rich phase, and the latter must be dissolved in the organic solventrich phase. A major solvent phase, in cases with a water-rich phase and an organic solvent-rich phase, forms around the middle of the tube far from the inner wall, while a minor solvent phase is generated near to the inner wall of the capillary tube. Therefore, the analyte that was dispersed in the major solvent phase (around the middle of the capillary tube) was delivered with the average linear velocity with a Gaussian peak. On the other hand, the analyte that was dispersed in the minor solvent phase (near the inner wall of the tube) was eluted with a smaller velocity than the average linear velocity.
Additional experiments were carried out by changing the flow rate (from 0.2 to 0.1 mL min -1 ) or the capillary tube inner diameter (from 50 to 75 or 100 mm) under the conditions given in Fig. 2b ). The components of the analytes, 1-naphtol and 2,6-naphthalenedisulfonic acid, were separated and detected in this order under all of the above conditions; the first peaks were eluted with the average linear velocities and the second peaks were eluted with smaller velocities than the average linear velocities. However, their mixture was never separated with the carrier solution of water-acetonitrile not including ethyl acetate, even for any ratios.
We developed a micro-flow separation system using an open capillary tube and an aqueous-organic mixture carrier solution. The elution behavior of the analytes in the present system seemed to provide some novel information that will be useful in separation science. We are currently investigating this system under various analytical conditions in detail to clarify the separation mechanism.
